The transcription factor E2F-1 is an important regulator of cell fate, which is able to promote cell cycle progression and DNA repair, but also drive p53-dependent and -independent apoptosis. 1 Accordingly, E2F-1 has been reported to have both tumor-suppressive and oncogenic properties. 2 For example, E2F-1 -/-mice suffer from an increased susceptibility to tumor formation, which is consistent with a role for E2F-1 as a tumor suppressor. 3 In contrast, loss of E2F-1 reduces tumorigenesis and extends the lifespan of RB1 +/-mice, arguing that E2F-1 also contributes to tumor progression. 4 These facts clearly show the importance of a tight control of E2F-1 in order to avoid tumorigenesis. However, the mechanisms that control the opposing outcomes of E2F-1 activity remain largely unknown. Our recent studies have shown that arginine methylation of E2F-1 regulates its biological activity and raises the possibility that this event might influence tumorigenesis. 5 Over the last decade, arginine methylation has been shown to play an important role in the functional regulation of a diverse number of proteins. It is implicated in many processes, such as chromatin regulation, transcriptional control, DNA repair and RNA processing. 6 Interestingly, recent research highlights an important role for the arginine methyltransferase PRMT5 in growth-promoting and pro-survival pathways. 7 For example, hypermethylation of histones H3R8 and H4R3 by PRMT5 triggers the transcriptional silencing of the tumor suppressor gene nonmetastatic 23. 8 In addition, phosphorylation of MEP50 by the cyclinD1/ CDK4 complex stimulates MEP50/ PRMT5 activity, which triggers H4R3 hypermethylation, DNA rereplication and transformation. 9 Further, methylation of the tumor suppressor PDCD4 by PRMT5 is important for enhanced tumor growth in a xenograft tumor model. 10 Previously, we identified the tumor suppressor p53 as a PRMT5 target.
T-ARG-eting E2F-1 growth control
11 DNA damage-induced p53 arginine methylation impacts on the biochemical properties of p53 and the cellular outcome of the p53 response, as it favors cell cycle arrest over apoptosis. 11 Interestingly, we identified a short sequence motif in E2F-1, namely RGRGR, which is similar to the RGRER motif in the p53 sequence targeted by PRMT5 arginine methylation (Fig. 1) . Due to the similarity of the sequence motifs and the roles of PRMT5 and E2F-1 in growth control, we considered that E2F-1 might be a substrate for PRMT5. Indeed, we found that PRMT5 symmetrically dimethylates E2F-1 in vitro and in tumor cells. Depletion of PRMT5 leads to enhanced E2F-1 protein levels, a reduction in E2F-1 polyubiquitination and increased expression of several E2F-1 target genes, which correlated with increased DNA binding activity of E2F-1.
The molecular mechanisms by which PRMT5 influences E2F-1 protein stability are currently not known. The methylation mark might act as a docking site for proteins that alter the biochemical properties of E2F-1 or for proteins that displace binding partners, which normally act to protect E2F-1 from proteasomal degradation. Further, there might be crosstalk with other posttranslational modifications, which finally favor E2F-1 polyubiquitination. Interestingly, the levels of E2F-1 arginine methylation are reduced upon DNA damage, a condition under which E2F-1 is known to be stabilized and promote DNA repair or apoptosis. 1 This suggests, that a loss of E2F-1 arginine methylation might be crucial for DNA damage-induced E2F-1 stabilization and function.
As PRMT5 influences E2F-1's biochemical properties, it was important to assess the role of PRMT5 in E2F-1-dependent growth control. Depletion of PRMT5 led to decreased cell growth and enhanced apoptosis. Remarkably, codepletion of E2F-1 rescued these effects, arguing that PRMT5 exerts its growthpromoting and cell-survival effects at least in part through negative regulation of E2F-1. In support of this finding, the expression of the pro-apoptotic E2F-1 target p73 was found to be crucial for apoptosis upon PRMT5 depletion. The exact mechanism by which PRMT5 influences cell growth and survival needs further investigation. For example, we do not know whether PRMT5 activity changes the promoter binding specificity of E2F-1, or if PRMT5 modulates the E2F-1-dependent transcriptome.
Together, our recent results argue that the negative regulation imposed on E2F-1 by PRMT5 is important for PRMT5's growth-promoting activity. Interestingly, analysis of E2F-1 and PRMT5 expression in tumor biopsies suggests that in a subgroup of colorectal cancer, high levels of PRMT5 coincided with low levels of E2F-1, and this profile occurs in a group of tumors with poor clinical outcome. This raises the possibility that arginine methylation contributes to tumorigenesis by influencing the E2F pathway.
Our recent study supports the idea that PRMT5 might be a valuable target for cancer therapies, 7 and that its expression in tumor biopsies in combination with the expression of other proteins, such as E2F-1, might serve as a prognostic marker. In addition, the fact that PRMT5 regulates both E2F-1 and p53 in a DNA damage-dependent manner, and that it favors cell survival in both cases, hints towards a new level of crosstalk between Figure 1 . Model of e2f-1 regulation by PrMt5: (A) sequence motifs targeted by PrMt5. (B) PrMt5-dependent e2f-1 methylation promotes e2f-1 polyubiquitination and negatively regulates the dNA binding activity of e2f-1. PrMt5-mediated e2f-1 methylation is important for PrMt5-dependent cell growth and cell survival. upon dNA damage, e2f-1 methylation disappears, providing a mechanism that might contribute to e2f-1 stabilization, growth inhibition and apoptosis induction.
the E2F-1 and p53 pathway. However, further research is necessary for a comprehensive understanding of the PRMT5 methylation-dependent crosstalk between signaling pathways in both normal and cancer cells.
